The spliceosome is a dynamic macromolecular machine that assembles on pre-messenger RNA substrates and catalyses the excision of non-coding intervening sequences (introns) 1-3 . Four of the five major components of the spliceosome, U1, U2, U4 and U5 small nuclear ribonucleoproteins (snRNPs), contain seven Sm proteins (SmB/B9, SmD1, SmD2, SmD3, SmE, SmF and SmG) in common 4,5 . Following export of the U1, U2, U4 and U5 snRNAs to the cytoplasm 6,7 , the seven Sm proteins, chaperoned by the survival of motor neurons (SMN) complex, assemble around a singlestranded, U-rich sequence called the Sm site in each small nuclear RNA (snRNA), to form the core domain of the respective snRNP particle 8, 9 . Core domain formation is a prerequisite for re-import into the nucleus 10 , where these snRNPs mature via addition of their particle-specific proteins. Here we present a crystal structure of the U4 snRNP core domain at 3.6 Å resolution, detailing how the Sm site heptad (AUUUUUG) binds inside the central hole of the heptameric ring of Sm proteins, interacting one-to-one with SmE-SmG-SmD3-SmB-SmD1-SmD2-SmF. An irregular backbone conformation of the Sm site sequence combined with the asymmetric structure of the heteromeric protein ring allows each base to interact in a distinct manner with four key residues at equivalent positions in the L3 and L5 loops of the Sm fold. A comparison of this structure with the U1 snRNP at 5.5 Å resolution 11,12 reveals snRNA-dependent structural changes outside the Sm fold, which may facilitate the binding of particle-specific proteins that are crucial to biogenesis of spliceosomal snRNPs.
backbone conformation (Fig. 2) , and its bases project into the Sm proteins and are bound by their loops L3 and L5; they vary in orientation from nearly parallel to nearly perpendicular to the ring plane ( Fig. 2 and Supplementary Fig. 6 ). The 59 flanking adenine (A118) is outside the hole, and the 59-stem (U4 SL-II) makes little contact with the Sm proteins (Fig. 1a ). The 39 flanking nucleotides (A126-C127) traverse the hole with phosphates contacting SmD1 and SmB, and bases contacting L2 of SmD2 and SmF and L5 of SmF. As the 39-stem (U4 SL-III) emerges on the tapered face with the helical axis roughly 60u to the plane of the ring, the first base pair (C127:G144) comes into contact with Trp 25 of SmF (Trp 25F) in loop L2. The 39 unpaired nucleotide (G145) is wedged between SmE and SmF. Along the 39-stem the phosphates on both strands interact with basic residues from L2 and L4 loops of all the Sm proteins except SmG, particularly those from the lysine-rich, long L4 loops of SmD2 and SmB ( Supplementary Fig. 7 ). These interactions can support the association between Sm proteins and different snRNAs during core domain assembly 23, 24 .
Small shape differences over the b-sheet of different Sm proteins (Supplementary Table 2 ), attributable to the size differences of the conserved inward pointing residues between the corresponding Sm1 and Sm2 motifs ( Supplementary Fig. 1 ), cause the Sm protein ring to be asymmetric. The L3 and L5 loops are held at different heights and orientations relative to the plane of the ring ( Supplementary Fig. 8 ), allowing their key residues to contact each nucleotide uniquely. The nucleotide-binding loops L3 and L5 have the consensus sequence of Asp-hydrophilic-aromatic-Met-Asn (residues L3.1-L3.5) and Arg-Gly-(acidic/Asn) (residues L5.1-L5.3) ( Supplementary Table 3 ). In the co-crystal structure of A. fulgidus Lsm-1 with penta-uridylate, U specificity is achieved by sandwiching the uridine base between the side chains of His 37(L3.3) and Arg 63(L5.1), and hydrogen-bonding of its N3 and O4 atoms respectively with Od1 and Nd2 of the invariant Asn 39(L3.5) 19 . In the U4 core domain (Fig. 3) , however, the base stacking with the aromatic residue (L3.3) present in five of the Sm proteins, and the interaction with the Arg/Lys (L5.1), vary along the heptad and from the Lsm-1 example ( Fig. 3 and Supplementary Fig. 9 ), due to the irregular RNA conformation around the central hole ( Fig. 2 and Supplementary Fig. 6 ) and the sequence variations in L3 and L5 (Supplementary Table 3 ). We have inferred hydrogen-bonding interactions around the Sm site from the residue positions, corroborated by unambiguous orientation of base planes and aromatic side chains in the electron density, and the non-crystallographic symmetry (ncs) agreement in the conformation of the conserved contact residues ( Fig. 3) .
At the first position of the heptad an adenine is required, because replacement by G abolished core domain assembly with a U4 oligonucleotide, and replacement by U destabilized the assembly 23 . The A119 base is stacked with Tyr 53E(L3.3) and hydrogen-bonded at N3 to Lys 80E(L5.1), at N6 to Asp 51E(L3.1) and at N1 to Asn 55E(L3.5) ( Fig. 3a) , demonstrating A-specificity of its binding pocket. A salt bridge between its phosphate and Arg 61D2, which is hydrogen-bonded to Asp 37F ( Fig. 3g ), stabilizes A119 binding to the ring. In U1 snRNP and the reconstituted U4 core domain, the N7 atom of this adenine is unexpectedly nucleophilic in becoming methylated by dimethylsulphate. It indicates a perturbation of the p-electron distribution over its double ring system 25 , which could result from multiple hydrogen bonds to the base.
The U120 base is sandwiched between the side chains of Phe 37G and Arg 63G and hydrogen-bonded at O4 with Nd2 of Asn 39G (Fig. 3b) . Similarly, the U122 base is stacked with His 37B and hydrogen-bonded at O4 to Asn 39B ( Fig. 3d ), except that a different base orientation relative to L3 requires His 37B to adopt a rotamer different from that of His 62D2 ( Supplementary Fig. 9 ). These interactions are similar to the Lsm-1 complex 19 and account for the cross-linking of the first and third U to L3 residues of SmG and SmB, respectively 26 . SmD3 and SmD1 lack the aromatic residue at L3.3. SmD3 displays U specificity in a novel mode distinct from the LSm-1 complex (ref. 19 ): U121 is hydrogen-bonded on O4 to both Asn 38D3 and Asn 40D3, on N3 to Asn 40D3 and on O2 to the peptide amide of Ser 66D3, besides being stacked with Arg 64D3 (Fig. 3c ). U123 forms no stacking interaction ( Fig. 3e ). Its base is within hydrogen-bonding distance from the side chain of the invariant Asn 37D1, which is positioned to form the conserved buttressing hydrogen bonds with Asp 33D1 16, 19, 20 . This configuration is consistent with U123 adopting an enol tautomer that would present O2(H) and N3 as the hydrogen-bond donor and acceptor, respectively, to Od1 and Nd2 of Asn 37D1. Consequently, U123 is accommodated without U-specific base contacts, which explains the lack of preference for U at this position (Supplementary Fig. 3e ). In human U1 snRNA G replaces U, and in U1 snRNA of other species all four bases are tolerated (http://rfam.sanger.ac.uk) 27 . U124 is hydrogen-bonded on O2, not O4, to the invariant Asn 64D2 (Fig. 3f ), and therefore our structure cannot fully account for the preference for U at this position. His 62D2 stacks with U124 and in some ncs copies also interacts edge-to-face with A118, the 59-flanking adenine (not shown). The G125 base is not intimately associated with SmF, as it is stacked only on one edge between Tyr 39F and Arg 65F, and is too distant for hydrogen bonding with the invariant Asn 41F (Fig. 3g ). Cys 66F, which is absolutely conserved in SmF, replaces the Gly in L5 without causing a clash. The absence of G-specific base contacts explains why replacing this G with A had no effect on Sm protein 
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binding 23 , which is consistent with replacement of this G (Supplementary Fig. 3e ) by other bases in U4 and U5 snRNAs of different species 27, 28 . Thus, the last nucleotide of the Sm site heptad acts as a transition to the variable 39-stem. In the bound heptad the phosphate groups of U120, U121 and U122 are in close proximity. Their negative charge density is likely stabilized by electrostatically held magnesium loops of SmB and SmD2 contact the backbone of the 39-stem (b). In U1 11, 21 , SmD2 helix h0 points into the minor groove of RNA helix H (hH) (a), but in U4, SmD2 h0 is orientated almost orthogonal to this, with its N terminus pointing at SmD1 helix h3 (b). The latter is positioned to obstruct the path of U1-70K (arrow). Moreover the first seven base pairs of the 39-stem of U4 snRNA (orange) would clash on its 39-strand with U1-70K (arrow) (c).
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ions of indeterminate positions 29 or by chelated cations unresolvable at our resolution.
In mammalian U4 and U5 snRNAs the Sm site heptad and the 39-stem are linked by a single nucleotide, whereas in U1 and U2 snRNA they are linked by five nucleotides 27, 28 . Structural comparison between U1 snRNP 11, 12 and the U4 core domain shows that the snRNAs emerge from the central hole in similar positions (red circle in Fig. 4a and b) but with different stem orientations that cause their 39 termini to fall on opposite sides of the hole. In U1 snRNP, the N-terminal 60 residues of U1-70K wrap around the tapered face of the core domain by skirting around the RNA stalk passing SmD3-SmG-SmE-SmF-SmD2 11, 12 . Mapping the U1-70K N-terminal fragment onto the U4 core domain shows that the 39 strand of U4 SL-III would obstruct its polypeptide path ( Fig. 4c ) and hence prevent its binding to the snRNP. The N-terminal 97-residue fragment of U1-70K is sufficient to bind to the U1 core domain, but fails to bind to the U5 core domain 30 . In U5 snRNA the 39-stem is linked to the Sm site as closely as in U4 ( Supplementary  Fig. 3c, d ) and could exclude U1-70K analogously.
The N-terminal extension of SmD2 and C-terminal extension of SmD1 are disordered in the absence of RNA 16 . In U1 snRNP, SmD2 forms an extra helix (helix 0) at the N terminus that points into the minor groove of RNA helix H (Fig. 4a ). This anchors the SmD2 helix 1, whose C terminus interacts with U1-70K 11, 12, 21 . In the U4 core domain, the C-terminal extension of SmD1 forms helix 3, whereas the N-terminal extension of SmD2 forms helix 0 ( Fig. 4b ) in the ncs copies where the loop between SmD2 helices 0 and 1 interacts with the backbone of the 59-stem (Fig. 1a ). The SmD1 helix 3 interacting with the SmD2 helix 1 in its U4 snRNA-dependent orientation might also obstruct U1-70K (Fig. 4b) . In U1 snRNP, the SmB helix 1 interacts with the backbone of stem II (ref. 11). These snRNA-dependent structural differences on the flat face of the core domain may, in addition to the snRNA itself, provide selectivity for the cognate particle-specific proteins and have a crucial role in snRNP biogenesis.
METHODS SUMMARY
The U4 snRNP core domain was reconstituted from the seven Sm proteins and a variant of human U4 snRNA 16, 22 . Crystals in space group P3 1 with 12 complexes per asymmetric unit were grown by vapour diffusion and diffracted X-rays anisotropically to 3.45 Å resolution. Initial phases were determined by the multiwavelength anomalous diffraction (MAD) method using SeMet substitution within Sm sub-complexes. The structure containing 8,101 protein and RNA residues has been refined under 12-fold ncs restraints at 66.2-3.6 Å resolution to R free of 32.1% with excellent geometry (Supplementary Table 1 ).
METHODS
Crystallization. Human Sm proteins were overproduced as two heterodimers, SmD1-SmD2 and SmD3-SmB, and a trimer, SmE-SmF-SmG, in Escherichia coli as described previously 16, 22 . The Sm proteins expressed were full-length except for SmB, whose extended C terminus was truncated to residue 95. The 39 fragment of human U4 snRNA from residues 85-145, comprising the Sm site and both flanking helices ( Supplementary Fig. 4a ), was produced by in vitro transcription 22, 31 . As the U4 Sm site is almost immediately flanked by helices (Supplementary Fig. 4a ), this fragment was thought likely to form a compact assembly with the Sm proteins. To promote crystal contacts, we replaced residues 97-104 of the native sequence by a stable GAAA tetraloop and residues 134-137 by a GAAA tetraloop receptor ( Supplementary Fig. 4b ). The human U4 core domain was reconstituted from the Sm proteins and the modified 39 fragment of U4 snRNA, and purified on a monoQ column. Crystals were obtained by sitting drop vapour diffusion using a reservoir solution containing 4-10% (v/v) PEG 550 MME, 0.1 M KSCN or (NH 4 ) 2 SO 4 , 0.1 M Tris-HCl pH 8.0-8.5, 10 mM MgCl 2 , and 2 mM cyclen (a polyamine) 32 . A full account of our crystallization effort has been published elsewhere 22 . Preparation of Se-Met derivatives. Se-Met labelled SmD1-SmD2 and SmD3-SmB heterodimers were expressed by the inhibition method 33 . Se-Met labelled SmE-SmF-SmG hetero-trimer was expressed in the methionine auxotroph B834, grown with the Se-Met core medium (Wako, 391-01541) as supplement. Incorporation of Se-Met was verified by electrospray time-of-flight mass spectrometry of the purified proteins. By replacing one or all of the heterodimers and trimer with the Se-Met-labelled subcomplexes during the reconstitution, we obtained differently labelled Se-Met derivatives of the core domain. Data processing. Data from Se-Met derivatives were processed using MOSFLM 34 , with anisotropic resolution limits when required, SCALA 35 and TRUNCATE 36 . Native data were integrated using XDS 37 , converted to the CCP4 format using POINTLESS 35 , and scaled using SCALA. Between randomly partitioned half-sets of native data the correlation 35 was 92% at 4.1 Å , decreasing to ,50% at 3.6 Å , and therefore data to 3.6 Å were included in the refinement ( Supplementary Table 1 ). Before refinement, the native amplitudes were corrected for anisotropy with truncation in the weak direction to F/sF $ 3 (www.doe-mbi.ucla.edu/,sawaya/ anisoscale/) 38 .
The crystals are of space group P3 1 with 12 copies of the core domain in the asymmetric unit related by 222 rotational non-crystallographic symmetry (ncs) and threefold translational non-crystallographic symmetry in the a,b-plane (translational pseudo-symmetry). The crystals are twinned along the a,b-and a*,b*axes, but twinning was masked by the pseudo-symmetry and anisotropy, resulting in apparent P6 1 22 symmetry for data sets at low resolution. The pseudo-symmetry gives rise to self-Patterson vectors at (1/3, 2/3, 0) and (2/3, 1/3, 0), and causes intensity modulations up to 5 Å resolution where two-thirds of the rows, having indices of (h 2 k ? 3n, h 1 2k ? 3n), are systematically weak. The other rows of strong reflections can be selected as those retaining an integral index after reindexing hkl to (h/3 2 k/3, h/3 1 2k/3, l), and they correspond to a small unit cell whose a, b-edges are reduced by a factor of !3. Initial phasing in the small cell. Initial phases were obtained at 5.5 Å resolution by the MAD method 39 using a crystal labelled with Se-Met in the SmE-SmF-SmG proteins (SeEFG-MAD, Supplementary Table 1 ). The phases were calculated in the apparent space group of P6 1 22 and for the rows of strong reflections only. This procedure approximates both the rotational and translational ncs as crystallographic, and yields phases for the small unit cell (a 5 142.1 Å , c 5 146.1 Å for SeEFG-MAD) in which the asymmetric unit contains only one core domain representing the average of ncs copies with structural and orientational differences.
Fourteen Se sites were found using SHELXD 40 from the anomalous signal of the peak wavelength data of SeEFG-MAD. The Se positions were refined and phases calculated in SHARP 41 . The MAD phases showed an overall figure-of-merit of 0.649 (acentric) and 0.495 (centric) at 5.5 Å resolution for 12 sites. The anomalous phasing power was 1.742, 1.033 and 1.030 for the peak, inflection and remote wavelengths; the isomorphous phasing power was 0.913 (acentric) and 0.713 (centric) for the inflection, and 1.060 (acentric) and 0.860 (centric) for the remote. Using solvent-flattened phases from RESOLVE 42, 43 and peak wavelength data to 5 Å resolution, the hetero-heptameric ring model for the core domain 16 was located in the density by a phased molecular replacement using MOLREP 44 in the automatic rotation-translation search mode. The search model consisted of a superposition of the ring model from ref. 16 and the homo-heptameric ring from the Lsm crystal structure (PDB ID 1M8V) 20 . The top solution showed Met residues in SmE-SmF-SmG proteins of the model overlapping with the majority of the Se anomalous peaks. The SeEFG-MAD phases were used to locate Se sites in the small cell, in anomalous difference maps calculated from the Se peak wavelength data from crystals containing Se-Met labels in other combinations of Sm proteins.
Partial model in the small cell. The SeEFG-MAD map of the small cell, even before phase improvement, showed clear density for an RNA helix later identified as part of the 39-stem ( Supplementary Fig. 10a ). Presence for the bound Sm site RNA could be inferred from the oblong shape of the central hole of the ring. Density for the 59-stem was poor but weakly connected to the Sm site region. There is density for the long L4 loop of SmD2, which was disordered in the SmD1-SmD2 heterodimer structure 16 , but not for L4 of SmB, which was ordered in the SmD3-SmB heterodimer 16 . The regions showing poor densities at this stage were later found to exhibit greater variations among the ncs copies. A partial model containing the seven Sm proteins and a fragment of the 39 RNA helix was built into the density in the small cell of the SeEFG-MAD derivative, using the program O 45 (Supplementary Fig. 10b ). Experimental map in the true cell. The partial model built in the small cell of SeEFG-MAD was used as the search model for molecular replacement by AMoRe 46 to the large cell (true cell) of each derivative in P6 1 22. Resolution for the rotation search was 7 Å ; resolution for the translation searches was 4-6 Å for the first and second copies but reduced to 5-7.5 Å for the third copy as necessary. Acceptance of the translation solution was based on a minimal separation of 62 Å on finding the first copy, and displacement vectors between copies that agree with the self-Patterson. For all derivatives the solution after rigid-body refinement showed correlation with F obs of .54% at 5.5 Å resolution. Thus the pseudotranslation was resolved.
The partial model for SeEFG-MAD was also mapped into the small cell of the other, non-isomorphous derivatives by molecular replacement in MOLREP 44 . For each derivative, the matrices relating the partial model in the small cell to its copies in the large cell were determined by the lsq_explicit command in O 45 and used to copy the Se sites into the large cell. Phases from different derivatives in the large cell were combined by multi-domain, multi-crystal averaging in DMMULTI 47 at 4.5 Å resolution, using three separate averaging masks over the ring, 39-and 59-stems of the partial model. Using the DMMULTI 47 phases with SeEFG-SAD amplitudes, we calculated an experimental map in the large P6 1 22 cell that allowed the building of the complete RNA. Initial model in the large cell. The heptameric rings were rebuilt in the large cell. The Ca-trace of a homo-heptameric Lsm ring (PDB ID 1M8V) 20 was superimposed on the partial model by the Sm1, Sm2 motifs, to provide a regular scaffold for the seven inter-subunit b-sheets 16 that is a conserved characteristic of the Sm family. The crystal structures of SmD1, SmD2, SmD3 and SmB 16 were aligned to subunits in the 1M8V scaffold and adjusted to the density. For SmE, SmF and SmG, a composite template, consisting of the four Sm protein structures (PDB ID 1D3B, 1B34) 16 , two Lsm structures (PDB ID 1LJO, 1M8V) 20, 48 , and the yeast SmF structure (PDB ID 1N9R) 49 in superposition, was aligned to the scaffold, and the model was rebuilt by modifying parts of the composite template that fitted the density better than the small-cell model. Additional adjustment was necessary to bring the Met side chains near the Se anomalous peaks. In SmF significant shifts of the b1 and b2 strands from the small-cell model were required to fit Se peaks for Met 20F and Met 27F. Rigid-body refinement of sheet tilt. The model was subjected to refinement alternated with rebuilding using O 45 and Coot 50 . Starting from an R-factor of 56% at 4 Å resolution, rigid-body refinement was done in CNS 51 against the mlhl target of the DMMULTI 47 phases and SeEFG-SAD amplitudes, using one rigid group per core domain and then three groups of the ring, 59-and 39-stems. The resulting 2F o 2 F c map allowed the flanking RNA stems to be built in different conformations for the three ncs copies. Making each Sm protein a separate rigid group did not lower R free , but making each inter-subunit b-sheet into a rigid group, involving cutting each protein across the middle of strands b2-b4, did reduce the R free further by 2%. Therefore the seven inter-subunit b-sheets are found to have different tilts relative to the pseudo-sevenfold axis of the ring. Although the differences are moderate, the resulting architecture of the ring places the RNA binding loops (L3 and L5) in each Sm protein at different heights ( Supplementary Fig. 8e, f) relative to the ring axis, thus predisposing the core ring to recognize RNA in circularly asymmetrical conformation. Minimisation in P6 1 22. The model was further refined by minimisation in CNS at 3.6 Å resolution against the mlhl target of SeEFG-SAD amplitudes with DMMULTI 47 phases. The ncs restraints were applied in a single equivalence set that contained the Sm1, Sm2 motifs of all seven proteins and the Sm site RNA from the same ring. Additional restraints were imposed on base pairing in the RNA helices and protein main-chain hydrogen bond distances (2.9 6 0.25 Å , 50 kcal mol 21 Å 22 ). The R free decreased to ,50%. Re-determining the Se sites using the model phase reduced the R free of minimisation to ,48%, whereupon the improved 2F o 2 F c map allowed rebuilding of the Sm site region and the addition of the L4 loops of SmB as well as the N-, C-terminal extensions from the Sm-fold. When a fully Se-Met substituted derivative (Se-all, Supplementary Table 1 ) became available, the model built for the SeEFG-SAD crystal was positioned in that cell to calculate an RESEARCH LETTER anomalous difference map at 5 Å resolution, which showed Se peaks accompanying each unique Se-Met residue in at least one copy. These peaks helped to place secondary structures in the extensions from the Sm fold. The SeEFG-SAD amplitudes were then replaced by the native, which reduced the R free to ,46%. Twinning. After re-indexing the native data in subgroups of P6 1 22, the selfrotation peaks at v 590u, k 5180u fell with increasing resolution, indicating that the twofold rotation symmetries perpendicular to the c-axis are noncrystallographic. Analysis of the native intensities showed twinning about the a,b-and a*,b*-axes. The space group was re-classified as P3 1 , and the model was duplicated by these twofold operators to generate six, then twelve copies per asymmetric unit, which were subjected to rigid-body refinement, giving R free of 44.5%. B-factors were refined using data at 10-3.6 Å resolution. However, twin refinement by minimisation and bgroup using CNS, which assumes merohedral twinning, could not reduce R free below 44%. Twin refinement in P3 1 . Refmac5 (refs 52, 53) found the crystal to be perfectly twinned with four twin domains of ,25% twin fractions. Correcting the representation of twinning immediately lowered R free by ,10%. Rigid-body refinement with one core domain per rigid group against the anisotropy-corrected amplitudes at 20-5 Å reduced the R free by 1.2% over 30 cycles. Further rigid-body refinement with one chain of protein or RNA per group caused some chains to rotate by more than 3u and reduced R free by another 0.4%, to 32.6% at 5 Å resolution.
Three rounds of individual atom refinement in Refmac5 followed, with extensive rebuilding in-between. In the first round, 12-fold ncs restraints were still applied in a single equivalence set containing the Sm1, Sm2 motifs of all seven proteins and the Sm site RNA within one complex. In the later rounds, eight equivalence sets were defined, seven for the Sm1, Sm2 motifs of the seven proteins and one for the Sm site RNA. Main-chain hydrogen-bond restraints of 2.9 6 0.2 Å were applied to the proteins throughout, using a list output by hydrogen_bonds. inp in CNS 51 and converted to the Refmac5 (ref. 52) format. No external restraints were imposed on the RNA. Ncs-averaged maps were calculated in Coot 50 from the 2F o 2 F c map, where the ncs matrices were evaluated between whole complexes using coordinates truncated to contain only the Sm1, Sm2 motifs and the Sm site RNA. The averaged map was used for rebuilding in the initial round wherever the 2F o 2 F c map was unclear; but in later rounds the 2F o 2 F c map was increasingly relied upon.
The first round of individual atom refinement was run for only one cycle to generate the 2F o 2 F c map at 3.6 Å resolution, which revealed that loop L1 of SmE, previously built to be like L1 of SmD2, was two residues too long and should be like L1 of the remaining Sm proteins. The other significant change was in the b-sheet of SmD1. Loop L1 forms the SmD1-SmD1 interface across an ncs twofold. After the rigid body refinement, at four of these interfaces there is a potential clash, which was relieved by shifting the b-strands towards b4 (see Supplementary Fig. 2 ) in accordance with the 2F o 2 F c map. This accounts for the greater root-mean-square Ca distances 54 among ncs copies of SmD1 compared with the other Sm proteins (Supplementary Table 2 ). In view of the modest resolution, Ramachandran restraints were turned on during real-space refinement in Coot.
The final model contains 7,285 protein, and 816 RNA residues. It has been refined at 66.2-3.6 Å resolution against 158,528 reflections (82.9% completeness) to R 5 27.6%, R free 5 32.1%. An F o 2 F c omit map of the Sm site, calculated by repeating the final refinement with A119-G125 omitted in all ncs copies, confirmed the conformation of the heptad ( Supplementary Fig. 11 ). According to MolProbity 55 , the model shows good stereochemistry in the 89th percentile of structures in the resolution range of 3.25-3.85 Å , with 91.8% of the protein residues in the favoured regions of the Ramachandran plot. All molecular structure figures were drawn using PyMOL 56 .
